The amount of extra-pair paternity in socially monogamous bird species varies from 0% to 76% extra-pair offspring. The causes of this remarkable interspecific variation are largely unknown, although intraspecific analyses suggest that females seek extra-pair matings to improve the genetic quality of their offspring. If this is a general explanation for the occurrence of extra-pair matings, then proportionally more females should seek to modify the paternity of their clutch when there is more variation among males in their genetic quality. Here we test this prediction in birds and show that interspecific variation in the proportion of extra-pair offspring is positively related to the proportion of polymorphic loci as measured by protein electrophoresis, even when controlling for potentially confounding variables. Genetic variability was also assessed, for sister pairs of species and populations differing significantly in extra-pair paternity, by using random priming, which provides an estimate of genome-wide diversity. We found that genetic diversity was higher in the populations with a higher level of extra-pair paternity. These results suggest that the amount of genetic variability in a population may be an important factor inf luencing mating patterns.
Understanding the factors, ecological or otherwise, that determine the prevalent mating system of a population is central to evolutionary biology because it is the mating system that ultimately determines patterns of gene transmission across generations. However, despite considerable research, we have made little progress in identifying the main factors involved. This lack of progress may be partly the result of previous categorizations of mating systems that were too broad to be meaningful. For example, in birds 90% of species were, until very recently, categorized as monogamous, but the use of genetic markers has revealed that in many species social monogamy does not result in genetic monogamy. Females can seek extra-pair copulations from males other than their social mate, leading to surprising levels of polygamy.
Levels of extra-pair paternity vary enormously among bird species, with some species showing low or nonexistent extrapair paternity (1) (2) (3) , whereas other species have levels of extra-pair offspring exceeding 35% (4) (5) (6) (7) (8) . Understanding this variation provides us with an opportunity to understand which factors may be generally important in promoting polygamy.
There have been few attempts to explain this interspecific variation (see refs. 9 and 10 for recent reviews). Some authors have suggested that factors such as the density of breeding pairs (for example, when birds breed colonially) or breeding synchrony may be important in promoting high levels of extra-pair paternity (11, 12) . However, a recent comparative study controlling for similarity among species caused by common descent revealed that breeding density, coloniality, or breeding synchrony could not account for any interspecific variation in extra-pair paternity (13) .
Levels of extra-pair paternity are a population-level description of events that occur at the level of the individual. To explain why levels of extra-pair paternity are particularly high, we need to explain when it will pay a higher proportion of the females in a population to modify the paternity of their clutch. Intraspecific analyses of the patterns of extra-pair behavior have suggested that the main benefit females gain from seeking extra-pair matings is an improvement in the genetic quality of their offspring (refs. 14 and 15; review in ref. 10 ). Females do not gain any obvious direct benefits from seeking an extra-pair partner and tend to prefer the most extravagantly ornamented, colored, or displaying males as an extra-pair sire (10) . Moreover, extra-pair paternity is particularly common in species in which the most ornamented males provide the least amount of parental care (16) . If female choice of indirect fitness benefits is a general explanation for the occurrence of extra-pair paternity, we can predict that more females will seek to modify the paternity of their clutch when there are larger differences between the genetic quality of potential fathers. With low variation in male genetic quality, it would not pay females to be choosy and seek extra-pair sires (17) . The aim of this paper is to test this prediction.
We investigate in two ways whether populations with a lower level of extra-pair paternity also have lower genetic variability. First, we ask whether the proportion of polymorphic loci, measured by protein gel electrophoresis, is a predictor of the level of extra-pair paternity among species by using data extracted from the literature. Second, we compare the genome-wide genetic variation, measured with random priming [random amplified polymorphic DNA (RAPD) techniques], of sister species or populations known to differ significantly in levels of extra-pair paternity.
MATERIALS AND METHODS
Allozyme Data. Genetic variation is an attribute that cannot be measured exhaustively, but variation in proteins provides an estimate of variation in the structural genes of an organism. Gel electrophoresis has been used to study protein variation in a wide array of species, and we searched the literature by using standard abstract and reference books, such as Zoological Record and Biological Abstracts and also references cited in papers to find 432 different samples of allozyme variation in birds.
Electrophoretic data give the frequency of electromorphs that are assumed to correspond to one allele. Two measures of genetic variation can be deduced from allozyme data, PL and H. PL is the measure of loci found to be polymorphic in any one sample (a locus is considered to be polymorphic when the frequency of the most common allele is no greater than a certain value, usually 0.99 or 0.95). The range of PL for the bird species studied varied from 0% to 71.4% [mean (SE) ϭ 19.1% (0.7)]. Estimates of heterozygosity (H) reflect the mean number of heterozygous loci per individual. Both heterozygosity and the proportion of polymorphic loci are generally expected to covary. We did not find evidence for such an interspecific correlation in our data (Pearson's r ϭ 0.04; n ϭ 203 species of birds). When based on a few loci, estimates of heterozygosity provide poor estimates of genome-wide genetic variation (18) (19) (20) (21) . Therefore, we used only the proportion of polymorphic loci. Most estimates of PL were based on a large number of loci surveyed. Any samples originating from small introduced populations or island populations were excluded from the analyses. Similarly, studies without information on sample sizes were excluded from the analyses. Summed sample sizes for the estimates of the number of polymorphic loci in the original sources were used to correct the analyses for any bias caused by a different number of individuals being sampled.
We obtained estimates of the frequency of extra-pair paternity by using an extensive survey of the literature, relying entirely on studies based on molecular methods and enzyme polymorphism (the latter only being used when the estimates of extra-pair paternity had been corrected for the probability of exclusion of sires).
The proportion of polymorphic loci and the frequency of extra-pair paternity were estimated in multiple studies for 26 and 17 species, respectively. From these multiple studies, we calculated the repeatability of these parameters (22) . The repeatability of the proportion of polymorphic loci was 0.55 and statistically significant (F ϭ 3.61; df ϭ 25, 27; P ϭ 0.0008). The repeatability of extra-pair paternity was also high at 0.68 and statistically highly significant (F ϭ 7.00; df ϭ 16, 31; P Ͻ 0.001). These high repeatabilities imply that estimates of both parameters are consistent across studies of the same species despite any methodological and͞or environmental differences and that a single estimate for a species would provide a reliable species-specific value. If more than a single estimate of the proportion of polymorphic loci and frequency of extra-pair paternity was available, we used the mean value of the available estimates in the analyses because the mean value would be closer to the true species-specific mean than any randomly chosen single estimate. The fact that the allozyme data do not derive from the same populations as those surveyed for extra-pair paternity makes any test of association conservative because spatial or temporal variability would tend to eliminate any correlation between genetic variation and paternity.
As a measure of sexual dichromatism, we used the difference between mean male and female color score in the visual spectrum made by three independent scorers (23) . Such scores are highly repeatable among scorers, and they correlated well with extra-pair paternity in two other studies (23, 24) , implying that scores estimate important features of color signals related to sexual selection. Information on body mass was obtained from Brough (25) . The data set is reproduced as supplemental data to this article on the PNAS website (www.pnas.org).
Because species cannot be considered statistically independent due to similarities arising from common descent (26), we corrected for this problem by investigating the relationship between extra-pair paternity and polymorphic loci by using standardized contrasts (or differences) between taxa. We adopted the software CAIC (27) to calculate standardized differences between taxa for the two variables of interest and for the potentially confounding variables. Here we present the results based on a model of gradual evolution assuming that branch lengths are related to the number of species in a clade, but the results based on a model of punctuated evolution (with all branch lengths being equal) gave qualitatively similar results. Information on phylogenetic relationships among taxa was obtained from Sibley and Ahlquist (28) . Although this study has been severely criticized (29) (30) (31) , several parts of the phylogeny have been confirmed with independent data sets and stringent phylogenetic analysis (review in ref. 32 ). The clade Melospiza melodia, Zonotrichia albicollis, and Zonotrichia leucophrys was unresolved and treated as a polytomy, and the same was true for Junco hyemalis and Passerculus sandwichensis, which was considered to constitute a polytomy nearer the root of the same branch. The phylogeny is shown in Fig. 1 .
Before the analyses, we made a number of transformations of variables to meet the assumptions of normal frequency distributions. The proportion of extra-pair paternity and the proportion of polymorphic loci were square root-arcsinetransformed, and sample size and body mass were log 10 -transformed, whereas sexual dichromatism was untransformed.
The contrasts were analyzed by forcing a regression of the dependent variable (extra-pair paternity) on the independent variable (polymorphic loci) through the origin (27) . The effects of potentially confounding variables were controlled by using the same procedure with multiple linear regression analysis.
RAPD Data. A survey of the literature allowed us to identify several pairs of populations differing in their frequency of extra-pair paternity both within species and between closely related species (at least within families). The genetic variability of these populations was then assessed from individuals originating from the same populations for which extra-pair paternity had been estimated. We obtained DNA or blood samples from Ϸ20 individuals for 7 sister pairs of populations. The names of the species and populations studied are given in Table  2 . For each pair, the populations differed significantly in their level of extra-pair paternity (Fisher exact test, P Ͻ 0.05), except for pair 2 for which P ϭ 0. Proc. Natl. Acad. Sci. USA 95 (1998) dTTP; 0.2 M 10-base random primer; 3 mM MgCl 2 , 1ϫ Taq Buffer IV; and 0.5 unit Taq DNA polymerase (Advanced Biotechnologies). Each reaction was overlaid with a drop of mineral oil to prevent evaporation. Amplifications were performed in a Perkin-Elmer DNA Thermal Cycler by using the following parameters: 1 min at 94°C followed by 40 cycles each of 1 min at 94°C, 1 min at 36°C, and 2 min at 72°C. After the final cycle, samples were incubated for 5 min at 72°C and then held at 4°C before analysis. Amplification products were loaded into a 1.4% agarose gel in a 1ϫ TBE buffer, electrophoretically separated at 80 V for 6-8 h (according to the primer), stained with ethidium bromide, and photographed over a UV light. PCR reactions for the individuals of the two populations to be compared were performed simultaneously, when possible, to avoid any artefactual variation as a result of differences in the concentration of PCR solutions or in the temperature of the thermal cycler (33) . PCR products from a population were run on the same gel to facilitate subsequent reading. We performed all PCR reactions twice to test for the repeatability of amplifications. The gels were read blind with respect to the level of extra-pair paternity.
We screened approximately 20 primers (University of British Colombia Biotechnology Laboratory, set #3) by using four individuals for each species to retain five to six primers for subsequent analysis (the sequences of the primers used are available on request). An effort was made to use the same primers for each species pair (see Table 2 ). The primers were selected for each pair to fill the following criteria: (i) bands were clearly identifiable, (ii) the pattern of most bands was repeatable, and (iii) at least one band was polymorphic for the species analyzed. For each of the selected primers, bands were scored only if the same banding pattern was observed in two PCR reactions of similar amplification strength.
Fragments for each polymorphic locus were scored as present (1) or absent (0). To estimate the amount of genetic variability for each population, we calculated (i) the proportion of polymorphic markers for each population (Pol) and (ii) the gene diversity (Ho). We assumed that each band represents a Mendelian locus with two alleles in Hardy-Weinberg equilibrium, the visible dominant allele and the null recessive one, and that the alleles of different loci do not migrate to the same position on the gel. The allelic frequency of the null allele can then be estimated as q i ϭ ͌f i , where f i is the frequency of individuals not showing the band i. The gene diversity was then calculated according to Lynch and Milligan (34) . To get an unbiased estimate of gene diversity, we used the loci for which the null phenotype frequency was below 3͞N as advised by Lynch and Milligan (34) . To avoid missing data, only individuals for which the genotypes could be determined for all loci without ambiguity were used. This is the reason why occasionally the number of individuals used is not the same for both sister groups.
Identified pairs were subsequently compared by using a pairwise comparative method, which automatically controls for confounding variables because closely related species generally are very similar in ecology and evolutionary history because of their mainly common evolutionary past (35) (36) (37) . We used a paired t test to investigate differences in genetic variability in relation to frequency of extra-pair paternity.
RESULTS
Allozyme Data. We found a positive correlation between the proportion of polymorphic loci and extra-pair paternity. Species with low levels of polymorphic loci also had low levels of extra-pair paternity. We do not provide statistics for this relationship because data points are inherently statistically dependent and thus cannot be used for formal statistical analyses. It is possible that this simple correlation is confounded by phylogeny if several closely related species have similar amounts of polymorphic loci and levels of extra-pair paternity. To remove such potential effects, a contrast analysis was used to compare the levels of extra-pair paternity and polymorphic loci among species. Levels of polymorphic loci and extra-pair paternity were significantly positively related, explaining 22% of the variance ( Fig. 2a; F ϭ 8.90 ; df ϭ 1, 31; r 2 ϭ 0.22; P ϭ 0.0055).
The proportion of extra-pair paternity may not depend on the proportion of polymorphic loci; instead, the proportion of polymorphic loci may be related to some unknown third variable that also predicts levels of extra-pair paternity. Although it is possible that some ecological factor could be involved, this does seem unlikely given that the only good correlate of the variation in the proportion of extra-pair paternity is sexual dichromatism (11, 23, 24) . It has been suggested that the proportion of polymorphic loci might increase with a larger sample of individuals surveyed. We investigated this effect by including sample size (the number of individuals surveyed) as an independent variable. Variation in extra-pair paternity may be related to body size because small passerines tend to have more frequent extra-pair paternity than large nonpasserines (11, 23) . A multiple regression analysis, incorporating sexual dichromatism, sample size, body size, and the interaction between sexual dichromatism and the proportion of polymorphic loci as independent variables, explained more than 85% of the variance in the data set (Table  1) . Extra-pair paternity was still significantly positively related to the proportion of polymorphic loci (Fig. 2b) . Extra-pair paternity was positively related to sexual dichromatism (Table  1) , as in previous studies (23, 24) and negatively related to body size. The interaction term between sexual dichromatism and the proportion of polymorphic loci was negative and highly FIG. 2 . The relationship between extra-pair paternity and polymorphic loci across birds by using contrasts (a) and residual contrasts (b) (after controlling for the effects of sexual dichromatism, body mass, and sample size) as independent observations. Table 2) . A significant positive correlation was observed between the number of individuals analyzed per population and the genetic variability indices (product-moment correlation, r ϭ 0.68, n ϭ 14, P Ͻ 0.01 for Pol and r ϭ 0.77, n ϭ 14, P Ͻ 0.01 for Ho). However, the effect of sample size on genetic diversity could not bias our results because the number of individuals compared is the same for five out of seven sister pairs and very similar in the two remaining species ( Table 2) .
The level of extra-pair paternity for our samples ranged from 0% to 55% (Table 2 ). Populations with a lower level of extra-pair paternity had a lower amount of genetic variability for six out of seven pairs for Pol and five out of seven for Ho (Table 2 ). This trend was close to significance at the 5% level (t 6 ϭ 2.35, P ϭ 0.057 for Pol (arcsine-transformed data) and t 6 ϭ 2.09, P ϭ 0.082 for Ho). The low number of pairs decreases the power of our tests. Unfortunately, obtaining DNA samples of individuals from the same population for which the level of extra-pair paternity had also been estimated was a necessary but strong constraint and reduced the number of pairs available to study.
Combined Probability Test. We have used two different sets of data (allozyme data and RAPD data) to test the same scientific hypothesis that extra-pair paternity depends on levels of polymorphic loci and it is therefore valid to combine the probability values for both of these tests (ref. 48, pp. 794-797) . If we use the P value from the univariate test for the allozyme data to calculate a combined probability, we find that 2 ϭ 15.74, df ϭ 4, and P Ͻ 0.005. If instead we use the P value from Table 1 for the allozyme data (after controlling for the confounding variables), we find 2 ϭ 28.31, df ϭ 4, and P Ͻ 0.0001. Thus, this combined test leads to an overall rejection of the null hypothesis that the level of extra pair paternity is unrelated to genetic variation.
DISCUSSION
The results presented here show that variation in levels of polymorphic loci are positively related to species levels of extra-pair paternity. This trend is to be expected under indirect benefit models of female choice, which predict that if there is little variation in genetic quality among males, then the benefits of gaining an extra-pair mating do not outweigh any costs to females. The results therefore support indirect benefit models of female choice as well as point to the importance of the population genetic structure for understanding variation in levels of extra-pair paternity.
This study is based on two assumptions. The first is that the level of extra-pair paternity reflects the proportion of females that would benefit from modifying the genetic quality of some of their offspring. The possibility that females can control paternity is now clearly recognized because females choose extra-pair partners by accepting or rejecting extra-pair copulations or by actively seeking them (10, 11, 47) . There are, however, other factors affecting the population level of extrapair paternity, factors such as the costs to females of seeking extra-pair copulations and constraints to female choice (9) . For example, mate guarding or repetitive copulation by the male partner could prevent females from achieving extra-pair copulations. Moreover, environmental factors determining density or breeding synchrony could affect the availability of potential partners (11) . However, all of these other possible factors influencing the level of extra-pair paternity would tend to reduce the chance of detecting the predicted relationship.
The second assumption is that our measures of genetic variability are representative of the general amount of genetic variability and also of any variability in male fitness. We used two different measures of genetic variability. For the allozyme data, there is no a priori reason to suppose that the proportion of polymorphic loci of the analyzed allozymes differs from allozymes in general and may therefore provide an estimate of genome-wide genetic variability. Several studies have shown that variation in proteins as measured by gel electrophoresis can have fitness consequences and be under weak selection (49, 50) . For the RAPD data, the primers used are randomly Table 1 . A linear multiple regression analysis of contrasts relating extra-pair paternity (square root-arcsine-transformed) to the proportion of polymorphic loci (square root-arcsine-transformed), sexual dichromatism, body mass (log-transformed), and sample size (log-transformed) The regression model has the following statistics F ϭ 31.01; d.f. ϭ 5, 26; r 2 ϭ 0.85; P Ͻ 0.0001. The model includes the only interaction term that explained a significant amount of the variation. Pol is the ratio of polymorphic loci, and Ho is the gene diversity. The number of loci considered to estimate the gene diversity according to Linch and Milligan (34) , is given between parenthesis. Ni is the number of individuals analysed and Nl is the total number of bands considered. The number of bands for each primer UBC (University of British Columbia, set #3) is given in parentheis. designed and should not bind to a specific region of the genome, and will therefore reflect genome-wide genetic variability. Unfortunately, there are very few empirical studies that allow us to determine whether this variation could possibly reflect fitness variation. There is some suggestion that the within-population structure for RAPD markers is not significantly different from quantitative traits where the latter are expected to be under selection (51) . It is possible that our assumption is invalid and that our measures of genetic variation do not reflect variation in fitness but merely reflect neutral variation. However, then it is hard to interpret the relationships that we report here and to explain why females would be more likely to modify the paternity of their clutch when there is more neutral variation. It has been claimed that populations at equilibrium should be deprived of variation in heritable fitness and this historically is one of the main objections to the ''good-genes'' hypothesis for the maintenance of female choice. However, empirical estimates have revealed that the heritability of fitness traits is not zero (52, 53) . Moreover, theoretical models of the maintenance of female preferences allow the maintenance of substantial genetic variability through two main mechanisms: mutation-selection balance (54, 55) and frequency-dependent selection, especially induced by antagonistic coevolution between host and parasite (56) . Other factors could maintain genetic variability across the genome and cause differences between species. For example, the frequency of recombination, the intensity of migration, the prevalence of genetic drift, and the probability of population bottle-necks (57).
Nevo et al. (58) argued that genetic variation should be low in populations or species in which a few males gain most matings because under these circumstances the effective population size is small. In species in which the proportion of extra-pair paternity is high, the variance in male mating success is high (review in ref. 10 ). Extra-pair paternity gives rise to almost a doubling of the relative variance in male reproductive success in a sample of eight studies (10) . We can conclude that any factor that enhances the frequency of extra-pair paternity also tends to enhance the variance in male reproductive success (10) . Surprisingly, and contrary to expectations from effective population size, we found that in species with a high frequency of extra-pair paternity, the genetic variance measured as the proportion of polymorphic allozyme loci was also high, and this was the case even when controlling for a number of potentially confounding variables.
Are there any other potential benefits to multiple mating that make predictions about how the level of extra-pair paternity might relate to genetic variation? One possibility is that females may be modifying paternity to avoid the expression of lethal or deleterious genes that can occur with inbreeding (59). This possibility does make predictions about the frequency of extra-pair copulations in relation to the overall genetic diversity in populations but in the opposite direction to that expected from genetic quality benefits. In populations with lower genetic diversity, the risks of inbreeding depression are higher, and under these circumstances, females might be expected to be more likely to seek extra-pair matings if they were avoiding inbreeding (60) .
A previous study of genetic variation and mating systems revealed no significant difference in heterozygosity between groups of fish and birds classified as monogamous, polygamous, or social breeders (58) . However, sample sizes were small and other confounding factors were not considered; moreover, the discovery of extra-pair paternity in so-called monogamous species raises doubts about such a broad categorization of mating systems based on the number of social mates per male.
In spite of the potential variation in the environmental and behavioral characteristics of the different populations studied, the relationships observed here provide evidence that the genetic variability of the population can predict levels of polygamy. Previous workers who have looked for ecological correlates of mating systems may have largely failed if the key variable determining the mating system is underlying genetic variation. Genetic variation of a population can be influenced by a variety of ecological factors, but it may also reflect factors such as history and gene flow. The absence of any relationships between the ecology of a species and its social mating system is then not particularly surprising.
